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Abstract Today’s Wadden Sea is a heavily human-altered
ecosystem. Shaped by natural forces since its origin
7,500 years ago, humans gradually gained dominance in
inﬂuencing ecosystem structure and functioning. Here,
we reconstruct the timeline of human impacts and the
history of ecological changes in theWadden Sea.We then
discuss the ecosystem and societal consequences of ob-
served changes, and conclude with management impli-
cations. Human inﬂuences have intensiﬁed and
multiplied over time. Large-scale habitat transformation
over the last 1,000 years has eliminated diverse terres-
trial, freshwater, brackish and marine habitats. Intensive
exploitation of everything from oysters to whales has
depleted most large predators and habitat-building spe-
cies since medieval times. In the twentieth century, pol-
lution, eutrophication, species invasions and,
presumably, climate change have had marked impacts on
the Wadden Sea ﬂora and fauna. Yet habitat loss and
overexploitation were the two main causes for the
extinction or severe depletion of 144 species (20% of
total macrobiota). The loss of biodiversity, large preda-
tors, special habitats, ﬁlter and storage capacity, and
degradation in water quality have led to a simpliﬁcation
and homogenisation of the food web structure and eco-
system functioning that has aﬀected the Wadden Sea
ecosystem and coastal societies alike. Recent conserva-
tion eﬀorts have reversed some negative trends by en-
abling some birds and mammals to recover and by
creating new economic options for society. The Wadden
Sea history provides a unique long-term perspective
on ecological change, new objectives for conservation,
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restoration and management, and an ecological baseline
that allows us to envision a rich, productive and diverse
Wadden Sea ecosystem and coastal society.
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Introduction
When the Wadden Sea was created approximately
7,500 years ago, humans were already there. As Stone
Age hunter/gatherers they hunted aurochs, elk, red deer,
wild boar, bear and other game in the woodlands, and
birds and seals along the coast. They ﬁshed in fresh,
brackish and salt water, harvested shellﬁsh, and col-
lected eggs, fruits and seeds (Bantelmann 2003). These
hunter/gatherers, as well as early farmers and permanent
settlers from about 5,500 years ago onwards, used the
resources of their environment but did not interfere with
the development of the landscape or seascape for thou-
sands of years. This situation began to change around
2,500 years ago in the south-western Wadden Sea, from
where human-induced changes gradually spread east-
wards and northwards along the coast. As people
learned to modify the landscape in order to protect
themselves and their land from the inﬂuence of the sea,
they began to transform the coastal wetlands, gradually
separating the land from the sea. And they learned to
use every resource that the Wadden Sea oﬀered eﬀec-
tively. Over time, human inﬂuences began to dominate
the Wadden Sea ecosystem.
In this paper, we attempt to synthesize all available
information in order to reconstruct the timeline of hu-
man impacts and the history of ecological changes in the
Wadden Sea. This synthesis is based on the eight previ-
ous papers of this volume ofHelgoland Marine Research,
providing an interdisciplinary overview on the history of
human settlement (Knottnerus 2005), habitat transfor-
mation (Reise 2005), exploitation in a European (Hoﬀ-
mann 2005) and regional context (Holm 2005; Wolﬀ
2005), eutrophication (van Beusekom 2005), and the
history of changes in the Wadden Sea fauna and ﬂora
(Lotze 2005; Prummel and Heinrich 2005). We then ask
what the consequences of observed changes are for bio-
diversity, and food-web and ecosystem structure and
functioning, and what this means to society. Finally, we
discuss what we can learn from the history of the Wad-
den Sea for conservation, restoration and management.
Timeline of human impacts
Table 1 presents a general timeline of change for the
Wadden Sea from 8000 B.C. to A.D. 2000. We summarized
the major cultural and economic periods, the associated
human impacts per period, and the major ecological
changes in the Wadden Sea fauna and ﬂora. It is
important to note that the transitions between periods
were gradual and there were many regional diﬀerences in
the timing of new human inﬂuences (see Regional dif-
ferences section below). However, the general sequence
of intensiﬁcation and multiplication of human impacts
over time and space (Table 1) was similar.
Cultural and economic periods
Over the past 10,000 years, coastal people have devel-
oped from hunter/gatherer tribes to being part of a glo-
bal society (Table 1). There were four main stepping
stones in this transition. First, with the introduction of
agriculture and permanent settlement in the Neolithic,
people adapted to and modiﬁed the landscape to create
farmland and protect their homes. Former exploitation
of wild resources for subsistence was replaced by artisan
exploitation to enrich local food production. During the
Roman, Early Medieval and Viking Ages, trade and
Frisian commerce evolved, but basic living conditions
and technologies remained largely unchanged. Second,
with the creation of a society and market economy in
High and Late Medieval times people started to sys-
tematically transform the landscape and to commercial-
ize resource exploitation. The growing population had a
growing demand for food and agricultural land, but also
an increasing demand for other goods, that drove
exploitation of living resources for trade, fashion, luxury
markets and prestige (Hoﬀmann 1996, 2005; Lotze
2004). These trends did not change much but were
intensiﬁed in the Early Modern period. Third, with
industrialization, large-scale mechanization and urbani-
zation in the Late Modern and Early Global periods
people constructed and destroyed the landscape and
seascape. The resource-based economy culminated with
massive, industrial-scale agriculture and ﬁsheries.
Moreover, World Wars I and II signiﬁcantly aﬀected the
Wadden Sea region, with new infrastructures and socie-
tal changes. Fourth, with the globalization in the Late
Global period the resource-based economy shifted to a
service-based and tourism economy. This transition still
causes many conﬂicts between traditional and new ways
of ‘using’ the Wadden Sea ecosystem. On the one hand,
industrial-scale ﬁsheries and agriculture still aim to en-
hance local exploitation and food production, and to-
gether with other industrial activities multiply the range
and scale of human impacts. On the other hand, deple-
tion and collapse of species and degradation of living
conditions have led to conservation and protection ef-
forts that also support the tourism industry.
An underlying trend over all periods is the continuing
human population growth. Although periods of
depopulation, stagnation and setbacks have occurred
(Knottnerus 2005), human numbers have mostly in-
creased exponentially over time, especially since the
Middle Ages. The coastal population doubled from
15–25 to 30–50 inhabitants km2 during the sixteenth
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Human impacts
Time Cultural Period Economy Exploitation Habitat change Other impacts Ecological
changes
Palaeolithic
40000 - 
10000 BP
Ice Age
Mesolithic Hunter-gatherer Subsistence Gradual decrease
8000 - 
4900 BC
Sparse mesolithic 
occupation, Wadden 
Sea creation ca. 5500 
BC
Hunting (game, birds,
seals), fishing (fish,
shellfish), gathering 
(eggs, feathers, plants)
Large terrestrial game
(e.g. aurochs, elk, bear)
Neolithic / Bronze Age Agriculture Artisan Adaptation Gradual decrease
4900 - 
800 BC
Neolithic time introduced
ca. 4200-2800 BC, 
Bronze Age (2100-800 
BC)
Cattle grazing, arable 
farming
Hunting (game, birds,
seals), fishing (fish,
shellfish), gathering 
(eggs, feathers, plants)
Settlement of river banks 
and heights, forest
removal, marshland 
grazing
Large terrestrial game
(e.g. aurochs, elk, bear)
Roman / Early
Medieval Trade Artisan Modification Disappearance
800 BC - 
AD 1050
Pre-Roman and Roman 
Iron Age (800 BC - AD 
400), Early Medieval and 
Viking Age (AD 400-
1050)
Long-distance trade,
Frisian commerce, 
agriculture, basic 
technology same as 
previous
Hunting (game, birds,
seals), fishing (fish,
shellfish), gathering 
(eggs, feathers)
Settlement of marshes, 
dwelling mounds,
ditches
Large terrestrial game
(e.g. elk, bear), perhaps 
some large birds 
(pelican, flamingo)
High / Late Medieval Market Commercial Transformation River pollution Decline
AD 1050
- 1500 
Society, Middle Ages Exponential expansion 
of exchange sector,
Hanseatic power,
agricultural technique
and extent increased
Commercialization of
fishing (herring, oyster), 
bird hunting, whaling,
seagrass harvest for 
dike building
Systematic embankment
and drainage of coastal
marshes and inland 
mires, low dikes, dams, 
and ditches, peat
exploitation
Sewage, sedimentation,
siltation
Large diadromous fish, 
large birds, wetlands; 
disappearence of grey
seals, aurochs
Early Modern Modern Intensification Separation River pollution Decline
AD 1500
- 1800
Modernization Integration into modern
world economy, 
agriculture and maritime
trade greatly intensified, 
islanders involved in 
shipping, trading,
whaling
Intensified fishing,
whaling, hunting of birds, 
seals, porpoise,
collection of eggs, 
feathers, regulations
imposed on declining 
resources
Separation and 
homogenization of
landscape, modern
dikes, many forelands
embanked, river 
damming, harbour 
building
Sewage, waste water,
sedimentation, siltation
Large groundfish, birds, 
wetlands; disappearance
of large whales
Late Modern Industrial Peak and decline Construction Estuarine pollution Decline & Loss
AD 1800
- 1900
Industrialisation, 
Urbanisation
High days of large-scale
modern agriculture and
coastal shipping,
industries grew
Traditional fisheries 
peaked and declined,
new fisheries developed, 
bird exploitation peaked,
whaling ceased
Large embankments,
canalization of estuaries,
river damming, 
transportation routes
Sewage, waste water,
sedimentation, siltation
Most birds, diadromous 
fish, large groundfish,
oysters, wetlands
Early global Global Industrial Destruction Coastal pollution Loss
AD 1900
- 1970
Mechanisation, warfare Large-scale
mechanisation of
agriculture and fishing
Industrial-scale fisheries, 
trawling
Agricultural landscape
stripped to essentials,
large loss of brackish 
waters (Zuiderzee), 
seafloor trawling,
shoreline petrification
Sewage, waste water,
artificial fertilizer,
pesticides, DDT, heavy
metals, sedimentation,
siltation
Loss of large predators 
(many birds, mammals,
fish at low levels),
habitat-building species,
wetlands
Late Global Tourism
Collapse and
conservation Protection Multiple impacts Invasion and recovery
AD 1970
- 2000
Globalisation Increased activities, boat
traffic, infrastructure 
Artisan inshore fishery,
shellfish cultures, 
industrial offshore 
fishery collapse, species 
protection
Coastal defence, habitat
protection, restoration
efforts, National parks
Artificial fertilizer, heavy
metals, pesticides, 
PCBs, TBT, climate 
change, exotic invasions
Impacts of invaders, 
harmful algal blooms,
algal masses, diseases; 
recovery of some birds
and seals
Table 1 Timeline of human impacts and ecological changes by
cultural period in the Wadden Sea regionContinuous developments
are listed at their climax period. For more details and for regional
diﬀerences between the Dutch, Danish, and German Wadden Sea
refer to text (based on Hoﬀmann 1996, 2005; Haywood 1997;
Vollmer et al. 2001; Huntley et al. 2002; Bantelmann 2003; Holm
2005; Knottnerus 2005; Lotze 2005; Reise 2005; Prummel and
Heinrich 2005; van Beusekom 2005; Wolﬀ 2005)
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century, and again increased to 75–100 km2 during the
nineteenth century. Today, the coastal population
around the Wadden Sea consists of 5 million in urban
and 1–1.5 million in rural areas (Vollmer et al. 2001).
Exploitation
The history of exploitation is a history of intensiﬁcation,
spatial expansion, serial resource depletion and collapse
(Table 1, see also Hoﬀmann 2005; Holm 2005; Lotze
2005; Wolﬀ 2005). Subsistence and artisan exploitation
from 8000 B.C. to A.D. 1050 put a continuous but low
pressure on the marine resources of the Wadden Sea.
This changed dramatically with the commercialization
of many ﬁsheries, bird hunting, whaling, peat exploita-
tion, and other resource uses in the High and Late
Medieval periods. Since then, eﬀort as well as eﬃciency
and destructive power of exploitation techniques con-
tinuously increased during the following centuries. This
intensiﬁcation ultimately led to peaks and declines of
many traditional resources in the nineteenth and early
twentieth centuries. As a response, some ﬁsheries (e.g.
sturgeon, salmon, rays) collapsed, while others (e.g.
herring, groundﬁsh) were industrialized and expanded
into oﬀshore regions. In inshore regions, new ﬁsheries
developed, in particular for invertebrates, traditional
mussel and oyster harvest was replaced by dredging, and
exploitation of wild mussel beds was replaced by culti-
vation of native mussels and exotic oysters. Hunting of
birds for food and feathers, egg collection, and hunting
of mammals ceased in the twentieth century when many
species had reached very low population levels or were
extinct. Regulations to control high exploitation pres-
sure such as quotas, closed seasons, privatization and
gear restrictions were ﬁrst imposed in the Middle Ages
(see also Lotze 2004, 2005). These measures could slow
down, but ultimately not prevent, decline and collapse of
traditional resources because of growing human demand
and economic pressures. Serious conservation eﬀorts
were ﬁrst implemented in the twentieth century. How-
ever, today industrial-scale ﬁsheries still exist oﬀshore,
and inshore ﬁsheries for mussels, cockles, ﬂatﬁsh and
shrimp remain unselective and destructive.
Habitat change
The history of habitat alteration is also a history of
intensiﬁcation and spatial expansion (Table 1; see also
Knottnerus 2005; Reise 2005). First, people adapted to
the marsh region of the Wadden Sea by simply using
natural elevations for settlement and agriculture and the
lower marshlands for grazing. This situation gradually
changed when people started to modify the landscape
locally in order to directly settle the marshes. Dwelling
mounds and ditches helped to secure their homes and
drain the land. This pattern of small-scale modiﬁcation
changed radically after A.D. 1000. Systematic embank-
ment and drainage of coastal marshes and inland moors
led to large-scale transformation of the landscape.
Whereas medieval dikes were too low to prevent large
ﬂoods and land loss, higher and stronger dikes that ﬁ-
nally separated the land from the sea were built in the
Modern period. Many wetlands disappeared and the
landscape was homogenized. This gradual loss of natu-
ral habitats and wetlands is illustrated in Fig. 1. For
parts of the Netherlands, van Eerden (1997) estimated
the extent of landscape types and land use patterns over
time by analyzing paleographic maps. The estimates
indicate that within 1,000 years the former natural
landscape has been almost completely transformed to
cultivated land (Fig. 1a). Thereby, a mosaic of wetland
or transitional habitats disappeared (Fig. 1b) and was
replaced by agricultural ﬁelds that were clearly separated
from the sea by a continuous dike-line with strong sea-
ward defences. Transitional habitats such as those of the
former salt marshes and gullies became squeezed out,
and the large brackish Zuiderzee was dammed and
converted into a freshwater lake.
In the industrial periods of the nineteenth and early
twentieth centuries, the landscape was more and more
redesigned to fulﬁl human needs: large remaining bays
were embanked, estuaries canalized and rivers dammed.
The destruction of the natural landscape expanded into
the seascape in the twentieth century, when trawling
destroyed many seaﬂoor habitats. In the last third of the
twentieth century a turning point was reached, as habi-
tat protection and restoration eﬀorts were initiated on a
large scale.
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Fig. 1 Human inﬂuence on the landscape in the Ijsselmeer region
(former Zuiderzee) in the Netherlands A.D. 850–1993 by building
dikes, draining lakes and lowering groundwater tables: a gives the
degree of habitat ‘naturalness’, and b shows the composition of
major landscape types. Percentage area estimates were derived
from paleographic maps (adapted from van Eerden 1997)
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Other impacts
Exploitation and habitat change remained the major
human impacts on the Wadden Sea ecosystem for mil-
lennia. Changes in sediment and nutrient loads probably
started in the Middle Ages when dike building, wetland
draining, land reclamation and erosion of peat lands
began, and sewage loads of the growing population in-
creased. A tentative reconstruction of nutrients and
phytoplankton dynamics in an idealised European
coastal area suggests impacts due to changes in land use
as early as 1,000 years ago (Bille´n and Garnier 1997).
Resulting problems with water quality were ﬁrst recog-
nized in rivers far inland in the High Middle Ages
(Hoﬀmann 1996), but gradually moved towards estuaries
and the coastal zone in the nineteenth and twentieth
centuries (Table 1). However, drastic increases in nutri-
ent loads and large-scale eutrophication only occurred
after 1950, when artiﬁcial fertilizers became of wide-
spread use in modern agriculture (De Jonge et al. 1993;
van Beusekom 2005). Compared to pre-industrial levels,
total nitrogen load of rivers probably increased eightfold
and primary production and remineralisation in the
coastal zone ﬁve- to sixfold (van Beusekom 2005).
Dredging of estuaries increased the suspended matter
load (De Jonge 1983), and dumping of dredged material
may have contributed to increased suspended matter
concentrations in theWadden Sea (De Jonge and de Jong
2002). Waste water discharge from industrial activities
into rivers and estuaries occurred probably since modern
times, but again loading of pesticides (e.g. DDT), orga-
nochlorines (e.g. PCB), endocrine disruptors (e.g. TBT)
and heavy metals increased markedly after 1950 (Wolﬀ
1992; Smetacek et al. 2002). Similarly, anthropogenic
climate change (warming, increased UV radiation) and
exotic invasions have become severe problems during
recent decades (Beukema et al. 1990; Reise et al. 2005).
Thus, not only intensiﬁcation but also a multiplication of
human impacts have occurred over time.
Regional diﬀerences
A detailed description of regional diﬀerences in the
history of change can be found in Vollmer et al. (2001).
As a general trend, new techniques for wetland habita-
tion and exploitation were often ﬁrst invented or intro-
duced in the south-western part of the Wadden Sea and
spread from there along the coast eastward and north-
ward, often facilitated by people migrating up the coast
in search of new land to settle (Vollmer et al. 2001;
Bantelmann 2003; Knottnerus 2005). For example, duck
decoys were a new technology used to catch large
numbers of ducks eﬀectively. They were ﬁrst mentioned
in Holland in the ﬁfteenth century, reached Friesland in
the sixteenth century, Nordfriesland in the eighteenth
century, and the Danish island of Fano¨ in 1830. On the
other hand, the Danish and north Frisian parts of the
Wadden Sea were inﬂuenced by Scandinavian cultures
(Bantelmann 2003). The greatest regional diﬀerence was
in the history of marshland settlement and diking in the
Danish compared to the Dutch and German (see Ta-
ble 1) Wadden Sea. Most diking in Denmark only oc-
curred in the nineteenth and twentieth centuries and
undiked fragments still exist today (Vollmer et al. 2001;
Holm 2005). The major reason for this late embankment
was the narrow extent of coastal marshes that made
marshland settlement unnecessary for a long time. Until
the late nineteenth century, settlements remained on
natural elevated heights while marshes were used for
grazing and hay-making (Vollmer et al. 2001).
History of ecological changes
Early decrease and disappearance
Large terrestrial mammals (e.g. aurochs, elk, bear) and
perhaps some large birds (pelican, ﬂamingo) were
hunted in the Wadden Sea area and the adjacent sandy
areas during the earliest periods of human occupation
(until about A.D. 1050; Table 1). These species, with the
exception of the Dalmatian pelican, could be recog-
nized in the archaeological evidence (Wolﬀ 2000a,
2000b; Bantelmann 2003; Prummel and Heinrich 2005;
Lotze 2005). It is likely that these species gradually
decreased in numbers due to hunting, which started in
the Mesolithic, and habitat destruction, which started
in the Neolithic, before they disappeared (Table 1).
However, it is not possible to judge whether their dis-
appearance was directly and solely caused by human
impacts in Wadden Sea, or whether it was the conse-
quence of large-scale population declines and contrac-
tions throughout Europe. For aurochs and elk, habitat
loss may have contributed to their disappearance in
addition to direct exploitation (Bantelmann 2003;
Prummel and Heinrich 2005). Pelicans and ﬂamingos
possibly suﬀered from exploitation and habitat loss
around the Mediterranean even in Roman times and
throughout Europe in Medieval times (Plinii Secundi
1513; Magnus 1555; Hughes 1996). In contemporary
Europe, breeding populations of pelicans only occur in
the Danube delta, and of ﬂamingos in a few sites
around the Mediterranean (Bauer and Glutz von
Blotzheim 1966).
Long-term decline
During Medieval and Modern times, a period of gradual
decline in many large diadromous ﬁsh (e.g. sturgeon,
salmon), groundﬁsh (e.g. haddock, cod, rays), water-
birds (e.g. herons, cranes, spoonbills, cormorants, ducks
and geese), and marine mammals (e.g. grey seals, large
whales) occured. This trend culminated in the industrial
and global periods of the nineteenth and twentieth
centuries (Table 1; see Lotze 2005). However, large
whales had already disappeared in Early Modern times
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as a result of high exploitation pressure throughout the
North Atlantic (De Smet 1981), and grey seals disap-
peared in the Middle Ages because of exploitation and
disturbance in the Wadden Sea region itself (Wolﬀ
2000b; Prummel and Heinrich 2005). The commerciali-
zation and intensiﬁcation of exploitation inside and
outside the Wadden Sea was one major driver for de-
clines, but for species depending on wetlands, river or
estuarine habitats, habitat loss, destruction and degra-
dation also played a signiﬁcant role. By the late nine-
teenth/early twentieth century, many species had
reached very low levels.
Loss and extinctions
In the twentieth century, highly eﬃcient but destructive
exploitation techniques resulted in the loss or severe
depletion of most remaining large predators (marine
mammals, birds, ﬁsh) and the destruction of habitat-
building species on the seaﬂoor (Table 1). Once-abun-
dant oyster banks were lost completely, while relicts of
Sabellaria reefs survived. In addition, the remaining salt
and reed marshes, peatlands and wetlands were trans-
formed, and sublittoral eelgrass beds were eliminated by
disease and never recovered. At the end of the twentieth
century, 144 species (20% of total macrobiota) were
listed on the Trilateral Red List of threatened species
(Fig. 2b; von Nordheim et al. 1996). Of these, 21 species
were considered extinct in the twentieth century, while
another four species had become extinct in earlier cen-
turies (Wolﬀ 2000a, 2000b; Lotze 2005). Thirty-two
species were listed as extirpated regionally or temporally
(Fig. 2b).
The most important factors that caused or contrib-
uted to species extinctions were habitat loss (70.2% of
extinctions) and exploitation (54.4%), followed by pol-
lution (8.8%), climate change and disease (1.8% each)
(Fig. 3). So far, no known case of extinction has been
caused by invasive species. More than half of the
extinctions were caused by only a single factor, either by
habitat loss (38.6%) or exploitation (21.1%). In the
remaining cases, two or more human impacts acted in
combination. Extinctions in marine mammals, birds and
ﬁsh have been, to a larger extent, caused by exploitation,
while extinctions in invertebrates and plants have mainly
been caused by habitat loss (Fig. 3).
Recovery, increase and invasion
In the second half of the twentieth century, conservation
eﬀorts led to the recovery of several bird species as well
as grey and harbour seals (Lotze 2005). In some species,
exponential increases have been observed after exploi-
tation was prohibited and important breeding, feeding
or staging habitats were protected. These high popula-
tion growth rates indicate that the species were, and in
some cases still are, far from their carrying capacity [e.g.
seals (Reijnders 1992); birds (De Jonge et al. 1993)].
Also, in several species setbacks occurred during the
recovery process due to disease [e.g. seal epidemic (De
Jonge et al. 1993)], food shortage [e.g. eiders (Cam-
phuysen et al. 2002)] or pollution [e.g. eiders, spoonbills,
terns, seals, porpoise (Reijnders 1986; Wolﬀ 1992; De
Jonge et al. 1993)].
Increases have also been observed in species that are
favoured by human inﬂuences. In the course of eutro-
a
1
10
100
b
Mam Bird Fish Inv Seaw Seagr Phyt
Lo
ss
es
   
 - 
   
N
o.
 o
f s
pe
cie
s 
   
-  
  G
ai
ns
1
10
100
0
nd
Fig. 2 Changes in biodiversity. Number of species (log scale) that
became a newly introduced (white), and b entirely extinct (black),
regionally or temporally extinct (dark grey) or threatened (light
grey) in the Wadden Sea. Data are presented for marine mammals
(Mam), birds (Bird), ﬁsh (Fish), invertebrates (Inv), seaweeds
(Seaw), seagrasses (Seagr) and phytoplankton (Phyt). There were
no data (nd) on extinct or threatened phytoplankton. Data from
von Nordheim et al. (1996); Wolﬀ (2000a, 2000b); Lotze (2005);
Reise et al. (2005)
Causes for extinctions
Expl Hab Pol Cli Dis Inv
N
o.
 o
f e
xt
in
ct
io
ns
0
10
20
30
40
50
Fig. 3 Causes for species extinctions in the Wadden Sea. Number
of extinctions that were fully or partly caused by exploitation
(Expl), habitat change or destruction (Hab), pollution (Pol),
climate change (Cli) or disease (Dis). There is no known case of
extinction caused by an invasive species (Inv). Diﬀerent shades refer
to marine mammals (light grey), birds (cross-hatched), ﬁsh (black),
invertebrates (white), and seaweeds (grey hatched). Data from von
Nordheim et al. (1996); Wolﬀ (2000a, 2000b); Lotze (2005)
89
phication, the diversity and abundance of suspension
feeders, especially sediment dwellers such as polychaetes,
has increased (Reise et al. 1989; Lotze 2005). Also, green
macroalgae and phytoplankton have increased, some-
times causing mass developments and harmful or nui-
sance algal blooms (Lotze 2005). Moreover, the number
of exotic species invasions strongly increased in the
twentieth century, probably due to enhanced global ship
traﬃc (Reise et al. 2005). Overall, at least 51 exotic
invertebrates, seaweeds, protozoa and phytoplankton
have become established in the Wadden Sea (Fig. 2a).
Two introduced species, the cordgrass (Spartina anglica)
and the Paciﬁc oyster (Crassostrea gigas) have changed,
or are about to change, the tidal landscape considerably.
Today’s state
The general state of diﬀerent species groups today can
be summarized as follows (based on Lotze 2005). (1)
Mammals: large whales are extinct, small whales are
rare, and seals are recovering. (2) Birds: some species are
extinct, some are still in decline because of continuing
habitat loss, disturbance and pollution, but several
species are recovering from their lows in the late nine-
teenth and early twentieth centuries. (3) Fish: most
diadromous species are extirpated or very rare, large
groundﬁsh are severely depleted, many inshore and
estuarine ﬁsh are in decline, and there is high ﬁshing
pressure on oﬀshore ﬁsh stocks. (4) Invertebrates: in
particular, habitat-building species and their associated
communities have been lost, and many large, sessile
species in the sublittoral have declined, while opportu-
nistic sediment-dwelling species such as polychaete
worms in the eulittoral have increased. (5) Plants: sub-
littoral eelgrass meadows have been lost, and many red
algae have declined, whereas opportunistic green algae
have increased in recent decades.
Consequences of ecological changes
The overall consequences of a long history of human
impacts on the Wadden Sea is a simpliﬁcation and
homogenization of the species pool, the food web and
the ecosystem, as well as their goods and services for
society. In the following sections we discuss these con-
sequences in more detail.
Biodiversity
The number of marine species occurring in the twenti-
eth-century Wadden Sea was estimated at about four
marine mammals, 69 species and subspecies of birds, 162
ﬁsh, 400 macrobenthic invertebrates (>1 mm), at least
100 seaweeds, and two seagrasses (von Nordheim et al.
1996). Of these, 144 species (19.5%) were listed on the
Trilateral Red List, of which 25 (entire area) to 57 (re-
gional/temporal) species were considered extinct in the
Wadden Sea (see Loss and extinctions section above).
This loss is opposed by the introduction of at least 51
species. Thus, in terms of simple numbers of species, the
Wadden Sea species richness did not change much.
However, if we include the severe declines in abundance
of all 144 extinct and threatened species, biodiversity has
decreased as a result of human impacts. Moreover,
species composition has strongly shifted, as can be
demonstrated by the bias between species lost and
gained (Fig. 2). Losses and declines were severe in
mammals (100% of species), birds (30.4%), ﬁsh
(11.7%), invertebrates (17.8%, mainly large, sessile or
slow-moving species), seaweeds (27%, mainly red algae),
and seagrasses (100%), while gains occurred in benthic
opportunistic invertebrates (polychaetes, mussels) and
green seaweeds. There are also some introduced phyto-
plankton (Reise et al. 2005), but we do not know whe-
ther any extinctions have occurred in this species group.
The general picture that emerges is that mainly large,
long-lived, slow-growing and specialized species have
been lost or depleted in the Wadden Sea, whereas small,
short-lived, fast-growing and generalist species have in-
creased or been introduced. Species depending on special
habitats have suﬀered greatly from habitat loss (e.g.
associated communities of oyster banks, eelgrass beds,
brackish and shoreline habitats, wetlands) and have
been partly replaced by opportunistic species (e.g.
polychaetes, green algae). The loss and decline of dis-
tinct local or regional communities and the introduction
and increase of opportunistic, cosmopolitan species are
common features of degraded coastal ecosystems
worldwide and contribute to the homogenization of the
world’s biota (McKinney and Lockwood 1999).
Food-web structure and functioning
The ecological changes that have occurred in theWadden
Sea (see above) have consequences for food-web struc-
ture and functioning. The direction and relative magni-
tude of changes in food-web components is illustrated in
Fig. 4. The most prominent changes are the depletion
and loss of large predators (predatory birds, ﬁsh, seals,
whales) resulting in the loss of upper trophic levels (top
predators) in various food chains (Fig. 4). The decrease
in top-down control commonly leads to an increase of
former prey species and competitors (Daan 1980; Worm
and Myers 2003), a trend that is often compensated for
by increasing and shifting human exploitation to those
species that are lower and lower in the food web (Pauly
et al. 1998). Also, the loss of large predators results in the
loss of long-term storage and export of organic matter.
In contrast, the increase in small, short-lived species en-
hances the turnover but not necessarily overall produc-
tion (see paragraph below). Another prominent change
in the Wadden Sea food web has been the loss of various
specialized species groups on all trophic levels, resulting
in the decline of functional diversity and the simpliﬁca-
tion and homogenization of food-web structure. For
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example, primary production 1,000 years ago was split
between salt marshes, seagrasses, benthic macroalgae
and microalgae and phytoplankton, while today phyto-
plankton, benthic microalgae and locally also bloom-
forming green macroalgae are the main primary
producers (Fig. 4; van den Hoek et al. 1979; Asmus et al.
1998). Reduced functional diversity and the loss of
higher trophic levels result in reduced niche use, reduced
eﬃciency of energy use and transfer, higher leakage, and
as a consequence reduced secondary productivity and
biomass (Duﬀy 2002). Two studies have illustrated the
reduction of upper trophic level biomass for the North
Sea and North Atlantic. Jennings and Blanchard (2004)
used macroecological theory and size spectrum data to
predict that current North Sea biomass of large ﬁshes
weighing 4–16 and 16–66 kg, respectively is only 2.6%
and 0.8% of potential biomass in the absence of ﬁsheries
exploitation. For the North Atlantic, Christensen et al.
(2003) applied ecosystem modeling to ﬁsheries data to
estimate that biomass of high trophic-level ﬁshes declined
by two-thirds during 1950–1999, and by a factor of nine
over the entire century. These estimates, combined with
documented declines in other large predators such as
birds, seals, and whales, suggest that the sea once sup-
ported an abundance of large marine life that is hard to
imagine today.
Ecosystem structure and functioning
Species depend not only on prey and predators linked in
a food web, but also on habitat availability, water
quality and other essential ecosystem properties. In the
Wadden Sea, habitat availability, diversity and com-
plexity have been greatly reduced over the past
1,000 years. The landscape and seascape have been
simpliﬁed and homogenized by large-scale cultivation of
agricultural land and elimination of transitional and
diverse seaﬂoor habitats (see Habitat change section
above). As a consequence, the amount of habitat avail-
able for species to breed, spawn, nurse, feed or stage has
been reduced. Diminished habitat diversity also causes a
lower potential for spreading the risk of survival when
populations are faced with extreme events. Another
long-term trend is the degradation of water quality
through pollutants, toxins, turbidity and anoxia. This
has consequences for species health, growth, reproduc-
tive abilities and survival. Together, reduced habitat
availability and degraded water quality aﬀect the car-
rying capacity, population growth and recovery of var-
ious species.
Declining water quality is also linked to increased
eutrophication. High nutrient loads and a reduced
estuarine ﬁlter and buﬀer function (e.g. loss of wetlands,
seagrass meadows, oyster banks) lead to eutrophication
problems, changes in productivity and nutrient cycling
(Reise 2005; van Beusekom 2005). Today, primary
productivity and organic matter turnover has increased
approximately 5–6 fold over pre-industrial levels (van
Beusekom 2005). This increased production has led to
an increase in algal blooms and opportunistic benthic
invertebrates (Beukema et al. 2002), but is not well
transferred to higher trophic levels. Leakage of organic
matter, high decomposition rates leading to anoxia, and
lower denitriﬁcation rates are some of the consequences
which are common in eutrophied coastal waters world-
wide (Cloern 2001). Food-web control probably shifted
from a former top-down control dominated by con-
sumers to a bottom-up control dominated by nutrient
loads.
Goods and services
The Wadden Sea ecosystem supported coastal people
and societies for millennia, mainly with food, high water
quality, natural coastal protection, recreation and resil-
ience. Today, many of these services are reduced or
impaired, and many economic opportunities for coastal
people have been lost. Until the twentieth century, about
20 diﬀerent commercial ﬁsheries existed in the Wadden
Sea, not to mention opportunities for bird and seal
hunting and whaling. After the collapse of most tradi-
tional ﬁsheries in the nineteenth and twentieth centuries,
only a few commercial ﬁsheries (e.g. blue mussels,
cockles, shrimp, ﬂatﬁsh) remain in the Wadden Sea to-
day (Lozan 1994; Wolﬀ 2005). Today, tourism is a more
a
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proﬁtable economic option for many coastal inhabit-
ants. However, tourism might be negatively aﬀected by
changes in water quality, disease outbreaks and harmful
algal blooms. Reduction of nutrient loads and restora-
tion of wetlands enhance water quality, and conserva-
tion of birds and seals diversiﬁes the opportunities for
tourism. Similarly, protection and restoration of benthic
habitats and ﬁsh stocks will enhance and diversify the
goods and services to coastal societies.
Coastal protection is a serious issue to people living
around the Wadden Sea. Through diking and draining,
humans managed to reduce the risk of ﬂoods, to the
beneﬁt of coastal people. However, large-scale changes
in coastal conﬁguration such as embankments, elimi-
nation of ﬂood plains, exploitation of peat lands, a
straight dike line, and the transformation of estuaries
into shipping canals also enhanced tidal height and the
risks of ﬂoods (Reise 2005). For example, the extent of
devastation induced by the large ﬂoods in the fourteenth
and seventeenth centuries was caused by peat exploita-
tion and draining, which led to subsidence (Reise 2005).
In the twentieth century, tidal range strongly increased
in most estuaries, e.g. in the lower Weser River at Bre-
men from 13 cm in 1882 to 4.18 m today (Smetacek
et al. 2002; Reise 2005). Today, coastal people have to
face and take measures against future consequences of
climate change that will increase tidal height and risk of
ﬂoods even further (Beukema et al. 1990; Reise 2005).
Sea level rise, confronted with a defended coastline, will
increase turbulence which will decrease sediment stabil-
ity, and this in turn aﬀects the composition of the ben-
thos in the tidal area (Reise 2005). In its present state,
the Wadden Sea may be poorly adapted to absorb the
consequences of global change.
Learning from history, or why is this important?
In this section, we will discuss what we can learn from
studying the ecological history of the Wadden Sea and
why this is important for conservation, restoration and
management, and for public perceptions of the Wadden
Sea. We should state, however, that basic sociological
and anthropological surveys on people’s knowledge,
values and perceptions of the Wadden Sea today, its
history and changes are lacking, and so the following is
based on our own experiences.
Learning from history
The Wadden Sea has been a highly human-impacted
ecosystem for millennia, but this is not obvious to most
people living or working in this region, including sci-
entists and managers. Living memory usually reaches
back no more than one or two generations, and
everything beyond is perceived as part of a mythical
past. Today’s coastal inhabitants may think of the
Wadden Sea they experienced in their youth as ‘natu-
ral’, and everything that has happened since as
‘change’. Thus the baseline which diﬀerent generations
view as ‘natural’ is shifting over time. People today may
experience the abundance of seals or seabirds as
‘unnaturally’ high because their numbers were much
lower 30 or 50 years ago. But, looking into the past, we
see that most populations may be far from their former
abundance and carrying capacity (see Lotze 2005). On
the other hand, people living today are used to the
absence of large ﬁsh and the absence of diverse benthic
and wetland habitats in the Wadden Sea because they
have never experienced the richness of former centuries,
and the greatest changes occurred before their lifetime.
In recent decades, pollution, eutrophication and climate
change have been judged as serious environmental is-
sues, because they are happening now and have direct
consequences for humans. Long-term overexploitation
and habitat loss are rarely seen as the major underlying
drivers of long-term changes. In contrast, history can
provide us with a long-term perspective on the current
state of the Wadden Sea, a baseline of what was ‘nat-
ural’ in the past, and a vision of what might be possible
again in the future. It also provides an understanding
of long-term ecosystem changes and its drivers. All
of these can help to formulate new goals, visions
and awareness for conservation, restoration and
management.
There are many gaps and uncertainties in our past
picture of the Wadden Sea. To ﬁll these gaps and con-
ﬁrm our view of the past, we may compare the Wadden
Sea with similar soft-sediment coastal ecosystems
around the world, e.g. the Banc d’Arguin in Mauritania,
Africa (Campredon 2000). Although this area lacks
barrier islands, the basic physical features of the two
systems are similar. However, the Banc d’Arguin eco-
system is diﬀerent. For example, the extent of the tidal
ﬂats in Banc d’Arguin is less than 15% of those in the
Wadden Sea, but they provide habitat and food for peak
numbers of up to 2 million waterbirds compared to
1 million in the Wadden Sea (Wolﬀ and Smit 1990).
Moreover, macrofauna species richness is much higher
than in the Wadden Sea (e.g. approx. threefold for
macrobenthic invertebrates; Wolﬀ, unpublished data),
and large vertebrates such as ﬂamingos (Phoenicopterus
ruber), pelicans (Pelecanus onocrotalus) and bottlenose
dolphins (Tursiops truncatus) are numerous. Until re-
cently, this also applied to large sharks and rays. On the
other hand, benthic invertebrate biomass is 3–5 times
higher in the Wadden Sea and often dominated by a few
small species (Michaelis and Wolﬀ 2001). The most
important primary producers in the Banc d’Arguin are
seagrasses (Zostera noltii, Cymodocea nodosa). The hu-
man population of about 2,000 people in the area was
traditionally engaged in ﬁshing mullets (Mugil cephalus)
but in the past 20 years ﬁshing has shifted to a variety of
sharks and rays. In light of the evidence compiled in this
volume, we propose that the Banc d’Arguin system may
give us an idea of how the Wadden Sea may have
looked, and how it may have functioned in the past.
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Fundamental versus reversible changes
Change is a fundamental principle of life. The Wadden
Sea, as any other ecosystem, is not static and underlies
constant abiotic and biotic changes. Change itself created
the Wadden Sea in the ﬁrst place some 7,500 years ago.
Since then, natural forces have shaped life in the Wadden
Sea for millennia, and early coastal people and societies
adapted to the changing environment. Over the last
2,500 years, however, human-induced changes have in-
creased and gradually gained dominance in inﬂuencing
the structure and functioning of the Wadden Sea ecosys-
tem. The ecological history of theWadden Sea can help us
to understand which of these human-induced changes are
fundamental and which are reversible, in order to develop
sound management strategies for the future.
Species extinctions are irreversible. However, some
species are only extirpated regionally and could return or
be re-introduced if their basic living conditions are still in
place or restored (see Wolﬀ 2000b). This has already
occurred naturally for several species such as the grey
seal (Halichoerus grypus), the white-tailed eagle (Ha-
liaeetus albicilla) and great white egret (Egretta alba),
that were extirpated temporally and re-colonized the
Wadden Sea from adjacent regions after decades to
centuries (see Wolﬀ 2000b; Lotze 2005). Because most
species extinctions and severe declines were caused by
overexploitation and habitat change, these are the two
major human impacts that should be reduced in order to
allow recovery and reverse population declines. Overex-
ploitation is reversible. Gear regulations in favour of less
destructive and more selective gear would reduce by-
catch, habitat destruction and the catch of unwanted size
or age classes. Reduced ﬁshing quotas would allow de-
pleted stocks to re-build. And marine protected areas or
no-take zones would allow species to ﬁnd a refuge,
habitats to recover, and diversity to build up (FSBI
2001). Habitat loss and destruction is partially reversible.
Some habitats may be lost forever or may take centuries
to millennia to recover (e.g. peatlands). Others, however,
such as wetlands and coastal lagoons, could be partially
restored, for which successful examples exist (e.g. Hinz
1992; Rudfeld 1992; Ho¨tker 1994). The restoration of
shoreline dynamics is important for supporting species of
the mostly ephemeral and narrow habitats in the transi-
tion zone between the land and the sea. Restoration and
recovery of Sabellaria reefs, eelgrass meadows, and
maybe even oyster banks could be possible if bottom-
trawling were reduced and water quality improved [e.g.
for eelgrass (van Katwijk 2003)]. However, recovery of
species and habitats may take decades to centuries and
may not be possible for all species. But positive examples
exist for seals and many coastal birds (Lotze 2005). The
introduction of exotic species is usually irreversible once
the invader has established wild populations. However,
measures can be taken to prevent further introductions
(Reise et al. 2005).
Other human-induced changes include the transfor-
mation of the coastline, which has been straightened and
ﬁxed. This could be partially reversed to allow for a
more dynamic response by the Wadden Sea coast to-
wards rising sea levels in the course of climate change
(e.g. Hekstra 1990). Pollution and eutrophication have
strong negative consequences for the Wadden Sea eco-
system. Some pollutants persist in sediments or organ-
isms and will have long-term eﬀects on species health,
survival or reproductive ability that cannot easily be
reversed. But, pollution and nutrient loads can be re-
duced by implementing better waste-water treatment
plants, by avoidance of (and implementing better recy-
cling of) waste products, reducing land run-oﬀ and fer-
tilizer use, and by banning highly toxic or otherwise
harmful substances. Some of these measures have
already been implemented and have shown success,
e.g. the ban of DDT and the reduction of nutrient loads
(Wolﬀ 1992; De Jonge et al. 1993; van Beusekom 2005).
Another largely irreversible trend is the massive in-
crease in human population living around, depending
upon, or otherwise using the Wadden Sea, especially
since the Middle Ages. However, people can alter their
habits and ways of interacting with and inﬂuencing the
Wadden Sea, and their ideas of what is important. This
has, to some degree, already occurred, as when conser-
vation eﬀorts increased in the twentieth century and
people started to value species, habitats and nature in
ways other than for exploitation. Still, change is often
perceived as negative and destructive. But, if the goal is
to restore a more natural ecosystem, then the Wadden
Sea should be allowed to change again and become the
dynamic, evolving system that it once was.
Conservation and management
The general problems in the Wadden Sea are the loss of
species, the simpliﬁcation of food-web and habitat
diversity, the depletion and extinction of large consum-
ers, the homogenization of the landscape and seascape,
and the degradation of water quality. These ecological
changes have also reduced the goods and services that
the Wadden Sea once provided to society. Improving
this situation requires diversiﬁcation, protection, resto-
ration and recovery of natural features, and with that
also economic and cultural opportunities. Measures that
could be taken to reverse negative trends were outlined
in the previous section, which is by a long way incom-
plete. And success stories of recovery and restoration
that exist in the Wadden Sea and other areas could be
used to select the options that are potentially most
successful. What we want to stress here, however, is that
although we now know a lot about the past Wadden Sea
ecosystem and the drivers of change, we may not nec-
essarily be able to predict and control recovery or the
outcome of conservation measures taken. Conservation
should be seen as an ecosystem experiment. As a coastal
society, we could try diﬀerent measures, allow for errors
to happen, and learn from experience. Diﬀerent mea-
sures could be used in diﬀerent regions, and they should
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be implemented step by step. Conservation should be
part of an Integrated Coastal Zone Management Plan
that attempts to integrate the objectives of diﬀerent
interest groups around the Wadden Sea.
Conclusions
The Wadden Sea ecosystem has been changed by human
impacts over millennia. In an interdisciplinary eﬀort that
integrates archaeological, historical and recent scientiﬁc
data, we have tried to reconstruct the ecological history
of this unique coastal ecosystem. What was new and
surprising to most of us was: (1) the very early start of
human impacts and signs of ecological changes (about
2,500 years ago); (2) that the peak of depletion of most
traditionally used living resources was in the late nine-
teenth/early twentieth century; and (3) that a large
number of species extinctions and declines had a very
well aligned causality, with habitat transformation and
exploitation as the main drivers.
This history of change is not unique to the Wadden
Sea. Recent eﬀorts to uncover the history of the ocean
worldwide revealed similar patterns of serial resource
depletion, large-scale habitat destruction, and degrada-
tion of water quality (Jackson et al. 2001; Myers and
Worm 2003; Griﬃths et al. 2004; Lotze and Milewski
2004). These global changes are interlinked and partly
driven by the general development of the human popu-
lation and its technologies in Europe and around the
globe (see Hoﬀmann 1996, 2005; Lotze 2004). Of course
the same developments have also dramatically changed
most terrestrial ecosystems (Hughes 2001).
Knowing about the ecological history of the Wadden
Sea and other ecosystems is important, because similar
changes are still occuring in other parts of the world. We
have just begun to understand how profoundly humans
have aﬀected the seas, and how dramatic the conse-
quences for the ecosystems and societies have been. In
the Wadden Sea, the coastal society that depended on
agriculture and a large variety of ﬁsheries and hunting
for centuries experienced a cultural and economic col-
lapse in the nineteenth and twentieth centuries. It shifted
from a diverse resource-based economy to a service-
based economy. The current resilience of the Wadden
Sea ecosystem and society to environmental change is
probably low. However, what history can also teach us
is that longstanding changes can be reversed when ac-
tion is taken. Diversiﬁcation, restoration and recovery of
species and habitats are needed to bolster the resilience
of the Wadden Sea ecosystem and society against future
environmental change.
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